Global variation in total bark thickness (TBT) is traditionally attributed to fire. However, bark is multifunctional, as reflected by its inner living and outer dead regions, meaning that, in addition to fire protection, other factors probably contribute to TBT variation.
Introduction
As their outermost covering, bark plays a crucial role in protecting plant stems (Romero & Bolker, 2008; Midgley et al., 2010; Ferrenberg & Mitton, 2014) . The thickness of bark is routinely cited as the main trait providing this protection, especially from fire (Hoffmann et al., 2012; Lawes et al., 2013; Pausas, 2015) . However, in addition to protection, variation in thickness probably reflects selection on other bark functions as well. For example, thickness is crucial in the contribution of bark to stem mechanics (Niklas, 1999; Rosell & Olson, 2014b) , and in allowing stem photosynthesis (Pfanz et al., 2002; Cernusak & Hutley, 2011; Rosell et al., 2015) . In drier areas, not necessarily prone to fire, bark water and nutrient storage also affects thickness, an issue that has received little attention (Rosell & Olson, 2014b) . Further complicating understanding of the role of bark thickness is the fact that bark is composed of two contrasting regions that can be termed inner and outer bark (Fig. 1) . It is unclear how variation in the thicknesses of these two regions produces total bark thickness (TBT) variation across habitats and species. Moreover, bark thickness variation across species is overlain on a positive ontogenetic relationship between stem size and bark thickness (Paine et al., 2010; Poorter et al., 2014) . As a result, ecologists still lack a global understanding of the patterns and causes of bark thickness variation across angiosperm lineages, habitats (both fire-prone and non-fire-prone), and climates. Here, I examined the contributions of fire and climate, along with plant size, to variation in TBT, inner bark thickness (IBT), and outer bark thickness (OBT), using a global data set of 640 species in an attempt to understand some of the multiple selective forces acting on bark.
The different functions of bark are performed by its two major regions, inner and outer bark (Romero, 2014) . Inner bark is mostly made up of living cells and includes, from the inside out: the secondary phloem, the tissue specialized in photosynthate translocation also including fibers and parenchyma (Ryan & Asao, 2014) ; the cortex, a parenchymatous tissue of primary origin; and the phelloderm, a usually thin layer of parenchyma ( Fig. 1) . Outer bark includes dead cells of homogeneous structure, as in the case of phellem, or of a more complex structure, as in the case of the rhytidome (Evert & Eichhorn, 2006; Fig. 1) . Although anatomical differences suggest divergent functions carried out by inner and outer bark, a global understanding of their relative variation in thickness and the selective factors behind this variation is still lacking. As a consequence of its abundance of parenchyma, inner bark probably has a key role in the storage of water and photosynthates (Srivastava, 1964; Scholz et al., 2007; Romero, 2014) . If selection favors thicker inner bark in areas where water storage would bring a selective advantage, then inner bark thickness should correlate negatively with water availability and positively with temperature (Srivastava, 1964; Rosell & Olson, 2014b) . In turn, it has been suggested that fire protection is mainly provided by outer bark (Graves et al., 2014) , although other studies suggest that fire protection is mainly the result of TBT, with bark structure being less important (Vines, 1968; Brando et al., 2012) . If outer bark is mainly involved in fire protection, its thickness should correlate positively and more strongly with fire regime than the thickness of total or inner bark.
Here, I carried out the first broad-scale tests of environmental explanations for variation in total, inner, and outer bark across the angiosperms.
To examine the effects of climate and fire on TBT, IBT, and OBT, I analyzed variation in the bark of 1947 samples from 640 species spanning all major clades of angiosperms from a very wide range of environments (Table 1 ) and bark morphologies (Fig. 2) . Because the samples were all collected specifically for this study, this data set had the advantage, as compared with data sets in the literature, of including samples from wild populations using the same sampling criteria and methods. The sampling of habitats emphasized variability in fire regime, with sampled habitats ranging from fire-free areas such as rainforests to frequently burned savannas, variability in precipitation, with habitats ranging from very dry areas such as deserts to very wet rainforests, and variability in temperature, with habitats ranging from alpine vegetation to lowland tropical forests. This wide range of habitats made it possible to examine the effects of these environmental conditions on, and their relative importance for, bark thickness traits.
Such cross-species comparisons of bark thickness need to take into account stem size (Hempson et al., 2014) , given that bark becomes thicker as stems grow wider (Schwilk et al., 2013) . This observation raises the question of how much of the interspecific variation in thickness can be explained by plant size, and how much variation is left to be explained by environmental factors. Moreover, it is unclear whether the strong bark thickness-plant size association applies equally to both inner and outer bark. Inner bark is mainly the product of the vascular cambium, the meristem producing wood to the inside and secondary phloem to the outside, whereas outer bark production is regulated by the phellogen (Roth, 1981; Fig. 1) . Given that inner bark includes the photosynthate-translocating secondary phloem, inner bark would be expected to reflect metabolic needs more strongly and thus scale more clearly with plant size (Jensen et al., 2012) . Associated mainly with protection and produced by a distinct meristem, outer bark could have more flexibility to change evolutionarily with environmental conditions. This greater lability would support the general view that outer bark is the main driver of TBT variation (Paine et al., 2010) , a hypothesis that I tested here. Although some bark anatomical traits seem to be highly conserved (e.g. the family-characteristic configurations of phloem fibers in Malvaceae or Bignoniaceae; Roth, 1981; Junikka & Koek-Noorman, 2007) , bark functional traits generally seem evolutionarily labile (Romero et al., 2009; Rosell et al., 2014) . Here, I tested this lability in thickness traits using the largest comparative data set on bark thickness published to date. Understanding the lability and degree of independence in the production, as well as in the function, of inner and outer bark is essential to understand the ecology and evolution of bark as a multifunctional structure.
Based on a data set of wild samples from extremely diverse environments, this study represents the first attempt to examine variation in bark thickness traits in a global context considering stem size, precipitation, temperature, seasonality, and fire regime. I aimed to answer the following questions. How are TBT, OBT, and IBT correlated with plant size, and how much variation is left over for environmental explanations, including fire, once size is taken into account? Which environmental factors are most important in the explanation of thickness variation and how does this information aid our understanding of inner and outer bark ecology? Is outer bark the main driver of TBT, and how strongly correlated is variation in OBT and IBT? How evolutionarily labile are thickness traits?
Materials and Methods

Sampling and measurements
I collected 1947 samples from 640 species in 153 families of angiosperms covering most major clades (Supporting Information Fig. S1 ) and bark morphologies (Fig. 2) . Samples included species ranging from very tall trees to subshrubs, succulents, mangroves, and parasites. Habitats spanned freezing-prone alpine vegetation, very dry to very wet tropical and temperate forests, savannas, and deserts (Table 1) .
For trees, a wedge of bark was sampled from the base, above buttresses or roots, whereas whole stem segments were collected for small plants. Stem diameter (SD) was measured at the Bark includes all tissues outside the vascular cambium and is made up of a mostly living inner region (inner bark) and a mostly dead outer region (outer bark). In turn, inner and outer bark are made up of tissues with different ontogenetic origins and functions. Bark is produced by two meristems, the vascular cambium, which produces secondary phloem, and the phellogen, which produces phellem to the outside and phelloderm to the inside. In species with a single phellogen, the phelloderm is underlain by a secondary cortex, cells produced by the apical meristem that subsequently divide radially as the stem grows. In some species, phellogens form one after another, successively cutting off layer after layer of secondary phloem and producing thick, fiber-bearing outer bark. This dead outer bark formed by successive phellogens is known as rhytidome. sampling point. I measured TBT as the maximum distance from the stem surface to the cambium, in fresh samples or in samples fixed in 70% aqueous ethanol. I measured TBT with digital calipers and a hand lens, or on thin sections using a light microscope when the bark was very thin (< 4 mm). I measured IBT at the same point where TBT was measured. I identified inner bark based on the presence of living tissue, using criteria such as color, texture, and cell types (Figs 1, 2) with a hand lens or on thin sections when necessary. Data on IBT were available for 93% (592) of the species. Plant height was measured with a Tru-Pulse 200B laser rangefinder (Laser Technology Inc., Centennial, CO, USA) or a tape measure, or extracted from the literature. Two to five adults of similar size per species were collected, but only one adult was available for 11% of the species. I averaged TBT, SD, and height of samples to calculate species means. For the few species collected from more than one site, I calculated per site means to reflect potential differences in TBT between sites. For each sample, I calculated the proportion of TBT represented by inner bark. This proportion had a lower within-species coefficient of variation than direct inner bark measurements. Therefore, I used the within-species average of this proportion and multiplied it by species mean TBT to calculate a mean IBT per species. OBT was calculated as the difference between mean TBT and IBT. As defined here, inner bark and outer bark do not correspond to Roth's (1981) terminology, which was based on structural criteria rather than delimiting the clearly functionally different inner living and outer dead regions. These definitional differences preclude comparisons with her work and other work based on her terminology of bark regions. The data set was uploaded to the TRY Plant Trait Database (Kattge et al., 2011) .
Associations between bark thickness traits and plant size I examined how closely thickness traits were associated with plant size through univariate linear regression models. I predicted log 10 TBT, IBT or OBT based on log 10 SD and examined the goodness of fit and significance of the models and their coefficients.
Associations between bark thickness traits and environment
I used the residuals of log-log thickness-SD regressions to examine the relationships between thickness and environment taking into account stem size. I examined whether thicker or thinner than expected bark (given plant size) was associated with precipitation, temperature, and seasonality. To this end, I used the geographic coordinates of the 624 species in the data set that were native to sampling sites to extract 19 climate variables from WORLDCLIM v.1.4 (Hijmans et al., 2005) using ARCGIS 9.2 (ESRI, 2006). Climate variables were closely correlated with one another, forming groups. Based on these groups, I used principal component analysis to build indices reflecting (1) precipitation of the wet season, (2) precipitation of the dry season, (3) mean temperature, and (4) temperature seasonality. After scaling, I carried out a principal component analysis for each group of variables. I used the first principal component of each analysis as an index. I calculated Spearman correlations between residual TBT, OBT and IBT and the four environmental indices.
I also examined the effect of fire on thickness traits based on a subset of species from 18 communities differing strongly in fire regime (Table 1) . Collections included seven to 62 species per community, emphasizing the most common species while ensuring a wide phylogenetic diversity (Fig. S1 ). Sampling included communities in which fire is a major selective factor, as in very frequently burned savannas and eucalypt woodlands . To represent the opposite extreme, I also included vegetation such as deserts, rainforests, and seasonally dry tropical forests where fire has not been an important selective force, given that there is no evidence of natural fires, or fire return intervals far surpass plant longevity (Janzen, 2002; Rodr ıguez Trejo, 2008; Cantarello et al., 2011) . Intermediate communities included Mediterranean vegetations (Keeley et al., 2012) and temperate forests.
To examine the effect of fire, I calculated Spearman correlations between TBT, IBT and OBT residuals and fire return 
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New Phytologist interval using the 537 species of these 18 sites. This interval, expressed in years, was derived from the literature and transformed into a variable taking values from 1 (fire return interval > 100 yr) to 5 (fire return interval 2-10 yr; Table S1 ). Although the effect of fire on vegetation depends also on fire intensity, this information was not available for the great majority of the sites. Nevertheless, the span of fire interval represented by my sampling, from sites where fires dependably occur every 2 or 3 yr to areas in which fire has never been known, is so marked that even in the absence of intensity data there is every reason to expect that it should reveal the effects of the vastly different fire selective pressures experienced by bark thickness in these communities.
I examined the association with fire return interval also taking into account size-associated fire survival strategies. Small plants tend to lose their stems to fire and to reseed or resprout from underground organs after fires, whereas larger plants tend to resprout from persistent aerial stems, though there is some variation; for example, some large Mediterranean plants are also reseeders (Keeley et al., 2012; Clarke et al., 2013; Dantas & Pausas, 2013; Charles-Dominique et al., 2015) . If fire does in fact select for thicker bark, then it should do so most markedly in the bark of persistent stems of larger plants. For this reason, I recalculated thickness-fire interval correlations based on larger and smaller plants separately. To separate the two size groups, I used a cut-off of 2 m plant height, a threshold that has been associated with flame height dividing low-from high-intensity fires (Hoffmann et al., 2012) . Low-intensity fires, with flame lengths ≤ 2 m, would mainly be expected to affect short plants. Fires with flames > 2 m would affect larger plants as well.
Roles of plant size, precipitation, temperature, and fire in explaining bark thickness traits I used multiple regression to compare the relative importance of size, climate indices, and fire return interval in explaining thickness traits. Based on species with information on fire return interval (Table 1) , I fitted models predicting log 10 TBT, IBT, or OBT based on log 10 SD, the dry and wet season precipitation indices, the mean temperature and temperature seasonality indices, and the fire return interval. To select the best models from all possible combinations of predictors, I used stepwise model selection as well as the dredge function of the R package MUMIN (Bart on, 2015). Model selection procedures always converged on the same model. In many cases, some terms in the model were dropped after finding that their associated coefficient was not statistically significant. For the final model, I examined the significance of two-way interactions, aiming to examine whether thickness-SD scaling was affected by environmental variables. Model assumptions were also checked and the effect of collinearity was ruled out using variance inflation factors. Finally, I calculated squared standardized coefficients using the R package RELAIMPO (Gr€ omping, 2006) to compare the relative importance of predictors in the model without interactions. I recalculated this metric using only species > 2 m, for which fire would be expected to have a stronger effect than for all species combined.
Variation of thickness traits within and across plant communities I compared variation within and across sites following the procedure of Messier et al. (2010) . Briefly, I fitted a nested ANOVA with random effects in which species were nested within sites. I then calculated the variance components with 95% confidence intervals (CIs) using a bootstrap procedure run 1000 times (Manly, 1997) . I fitted this model using the R packages APE (Paradis et al., 2004) and NLME (Pinheiro et al., 2015) . I then compared TBT, IBT, and OBT across the 18 sites using parametric or nonparametric ANOVAs followed by post hoc comparisons using the R package PGIRMESS (Giraudoux, 2015) .
Inner and outer bark thickness variation and covariation I examined the levels of variation in IBT and OBT across species using standard deviations and coefficients of variation. I also examined whether a species with thick outer bark tended also to produce thick inner bark by calculating the correlation between the two traits.
Evolutionary lability of bark thickness traits I built a phylogeny using the Angiosperm Phylogeny Group backbone and specialized literature to resolve relationships within groups (Fig. S1 ), setting branch lengths to 1. I assessed the evolutionary lability of TBT, IBT and OBT through a randomization procedure based on phylogenetically independent contrasts and the K statistic of Blomberg et al. (2003) . This procedure was implemented in the R package PHYTOOLS (Revell, 2012) . To account for the uncertainty caused by several polytomies of the phylogenetic tree, I repeated these calculations for 1000 randomly and fully resolved trees. All analyses were performed in R v.3.2.1 (R Development Core .
Results
Associations between bark thickness traits and plant size
Species ranged from 0.1 cm to > 2 m in SD, and from 6 cm to 47 m in height. TBT varied accordingly, ranging from 0.2 mm in the smallest shrubs to over 50 mm in a eucalypt from a fire-prone woodland and a Symplocos species from a savanna. Most thickness traits were correlated very closely with stem size (Fig. 3; Table 2 ). SD explained 72% of variation in TBT (Fig. 3a) , 68% of variation in IBT (Fig. 3b) , and 27% of variation in OBT (Fig. 3c) . To take stem size into account in further analyses, I used the residuals of these thickness-SD regressions.
Associations between bark thickness traits and environment
Reflecting the very wide variety of environments, the mean annual precipitation varied from 90 to 4312 mm, the mean annual temperature from 4.5 to 27.3°C, and the annual temperature range from 12.8 to 35.1°C. Based on the groups formed by WorldClim variables, I built environmental indices reflecting precipitation of the wet and dry seasons, mean temperature, and temperature seasonality. These indices summarized variation very well, explaining from 84% to 93% of variation within each variable group (Table S2) .
In general, thicker bark tended to be associated with drier, hotter, and more seasonal environmental conditions, although associations were modest. Residual TBT and IBT were both associated negatively with dry season precipitation (Spearman r = À0.30 and À0.29, respectively; P < 0.001; Table S2 ; Fig. 4a ,c) and positively with mean temperature (Spearman r = 0.15 and 0.23, respectively; P < 0.001; Fig. 4b,d ). In addition, TBT and OBT were also positively associated with temperature seasonality (Spearman r = 0.18 and r = 0.14, respectively; P < 0.001), indicating that total and outer bark had slight tendencies to be thicker in sites with wider temperature ranges. OBT tended to be loosely or nonsignificantly correlated with precipitation variables (Table S2) .
In contrast with precipitation and temperature indices, residual OBT was more closely associated with fire return interval (Spearman r = 0.33; P < 0.001; n = 506; Fig. 4f ), but raw OBT was not (Spearman r = 0.14; P < 0.005; n = 506; Fig. 4e ). In turn, the correlation between fire and TBT was weaker (Spearman r = 0.23; P < 0.001; n = 537), and that between fire and IBT was very weak (Spearman r = 0.10; P = 0.03; n = 506). When only large plants were included (> 2 m), associations with fire were slightly stronger, increasing to 0.38 (P < 0.001; n = 357) for OBT, to 0.36 (P < 0.001; n = 364) for TBT, and to 0.19 (P < 0.001; n = 357) for IBT. For small plants (≤ 2 m) these correlations were considerably weaker between fire and OBT (r = 0.17; P = 0.036; n = 149), TBT (r = À0.09; P > 0.05; n = 173), and IBT (r = À0.10; P > 0.05; n = 149).
Roles of plant size, precipitation, temperature, and fire in explaining bark thickness traits I fitted multiple regression models predicting log 10 TBT, IBT or OBT based on log 10 SD, dry season precipitation, wet season precipitation, mean temperature, temperature seasonality, and fire return interval. There was convergence in the set of predictors in all model selection procedures. The model predicting TBT fitted the data very well, explaining 79% of the variation in TBT. The model included as predictors SD, dry season precipitation, fire return interval, and temperature seasonality, in addition to a dry season precipitation 9 temperature seasonality interaction and an SD 9 fire interaction, suggesting that TBT-SD scaling was affected by fire regime (Table 3) . SD was by far the most important variable (squared standardized coefficient = 0.810), followed far behind by fire return interval (0.032), dry season precipitation (0.018), and temperature seasonality (0.003; Table 3 ). The model for IBT had the same predictors with the exception of temperature seasonality, and explained 72% of variation in IBT. The most important variable was again SD (0.712), followed by dry season precipitation (0.020). Fire return interval made only a very small contribution (0.009). Finally, the model for OBT explained 42% of the variation and included SD, dry season precipitation, fire return interval, temperature seasonality, a dry season precipitation 9 fire interaction, and an SD 9 fire interaction, suggesting again different OBT-SD scaling with fire regime (Table 3) . For explaining OBT, SD was important, but less so in comparison with the other models (0.372). By contrast, fire return was more important in explaining OBT (0.110) than IBT, followed by temperature seasonality (0.013), and dry season precipitation was the least important predictor (0.009; Table 3 ).
As expected, fire gained importance in all multiple models for species > 2 m in height (Table 3) . This was particularly noticeable in the model for OBT, in which SD and fire return interval were almost equally important (0.202 and 0.163, respectively), 
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r 2 = 0.27 *** Fig. 3 Bark thickness is strongly predicted by stem diameter. Regressions of (a) total bark thickness, (b) inner bark thickness, and (c) outer bark thickness against stem diameter are presented, showing that outer bark thickness is not correlated with stem size as closely as inner bark thickness. Solid lines, linear fits; dashed lines, 95% confidence intervals. All variables were log 10 transformed. ***, P < 0.001.
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New Phytologist followed by temperature seasonality (0.011) and dry season precipitation (0.020; Table 3 ).
Variation in thickness traits within and across plant communities
Variation within sites far exceeded variation across sites in all thickness traits. For TBT and OBT, variation within sites was 76% (95% CI 66-80%) and 77% (95% CI 67-81%), respectively, whereas variation across sites was 24% (95% CI 20-34%) and 23% (95% CI 19-33%), respectively. Within-site variation for IBT was the highest at 85% (95% CI 73-88%), leaving 15% for across-site variation (95% CI 12-27%).
There was very strong overlap in thickness traits across the 18 plant communities. In agreement with the traditional view of fire as the main selective force acting on bark thickness, TBT was greatest in the species of the frequently burned savannas (Fig. 5a) . However, these sites were followed by rainforests, seasonally dry New Phytologist forests, and a xerophytic shrubland, all fire-free habitats (Table 1) . Thinner barks were observed in sites subject to fire such as the Mediterranean shrubland and sclerophyll forests and woodlands, as well as sites that do not have fire as a selective agent, such as a desert and a sarcocaulescent shrubland (Fig. 5a) .
When size was taken into account, the order of sites changed. The thickest residual total bark was still observed in the savannas, but the rainforests became the sites with the thinnest residual bark (Fig. 5b) . Species of sites with long fire return intervals or no fire present still had thick bark despite their smaller size (Table 1) , such as species of the xerophytic shrubland and the seasonally dry forests. Species of the desert and the sarcocaulescent shrubland, which had medium to thin raw total bark, appeared among the sites with the thickest residual bark (Fig. 5b) . In general, species of fire-prone areas, as well as those of warm, dry, firefree areas tended to have thicker bark.
Regarding the proportion of TBT represented by inner bark, sites with very frequent fires, such as the savannas, or with frequent fires, such as sclerophyll systems, tended to have lower inner bark proportions. By contrast, species in sites with practically no fire such as seasonally dry forests, rainforests, and sarcocaulescent shrublands had very high proportions of inner bark (Figs 5c, S2 ).
Inner and outer bark thickness variation and covariation
Although outer bark is usually thought of as the main driver of TBT, my data showed high variation in the inner living portion as well. Standard deviations of IBT and OBT were very similar (4.69 and 4.16, respectively), and the coefficients of variation were relatively close (115.9 and 216.5, respectively). Species with thicker inner bark also had thicker outer bark (Spearman r = 0.51; P < 0.001; inset in Fig. 6 ), but this association weakened significantly once stem size was taken into account (Spearman r = 0.14; P < 0.001). This weak association suggests that, although broadly associated with plant size, IBT and TBT can vary widely across species. This variation can be seen in Fig. 6 , in which data for bark thicker than 10 mm are plotted, showing the widely varying proportions of inner and outer bark.
Evolutionary lability of bark thickness traits
Thickness traits were found to be evolutionarily labile. For raw and residual TBT, the phylogenetic signal was low (K < 0.17) and nonsignificant (P > 0.09) in all the 1000 calculations based on fully resolved trees. The same applied to raw and residual IBT (K < 0.19; P > 0.06) and OBT (K < 0.10; P > 0.35).
Discussion
Total bark thickness was mainly driven by plant size
My global sampling showed that the very wide variation in TBT, from < 1 mm to several centimeters (Paine et al., 2010; Rosell & Olson, 2014b; Pausas, 2015) , was associated first and foremost with SD. Although the TBT-SD association has often been documented (Adams & Jackson, 1995; Pinard & Huffman, 1997; Lawes et al., 2013; Poorter et al., 2014) , it remained unclear how much variation in TBT is available for explanation by other factors once SD is taken into account. In my data set, SD explained a very substantial 72% of TBT variation, and in the multiple regression model, SD was > 25 times more important than fire return interval and dry season precipitation, the second and third most important predictors in the model, respectively (Table 3) . Table 3 Multiple regression models predicting total, inner, and outer bark thicknesses (log 10 transformed) based on log 10 stem diameter, climate indices, and fire return interval ***, P < 0.005; **, P < 0.01; *, P < 0.05; ns , P ≥ 0.05. Homogeneous groups are in gray to the right of boxplots (P < 0.05). The significance of differences across sites was determined using Tukey post hoc tests for total bark thickness and nonparametric tests for residual bark thickness and inner bark proportion. Boxplots are centered around the median.
Evolutionarily, the very strong TBT-SD association implies that selective pressures acting on plant size (Moles et al., 2009 ) will lead to changes in bark thickness, and vice versa. Methodologically, this association means that TBT across-species comparisons must take plant size into account (Hempson et al., 2014; cf. Rosell & Olson, 2014a) . This strong association with plant size leaves little room for explanation of TBT by environmental conditions, although environmental conditions and their associations with thickness were informative when separating inner from outer bark.
Inner bark thickness reflected photosynthate translocation and storage needs
The evolution of IBT might have been significantly influenced by one of its main functions, photosynthate translocation (Ryan & Asao, 2014) . Inner bark includes the secondary phloem, the tissue translocating photosynthates from the leaves to the rest of the plant. Although only a small fraction of secondary phloem near the cambium is active in translocation (Fig. 1) , the thick layer of nonconductive phloem includes a large fraction of living cells (Esau et al., 1957) . Given that it is largely living, the amount of conductive and nonconductive phloem would be expected to scale with plant size. Such scaling between supply and sink areas is pervasive in plants (Olson et al., 2009; Sperry et al., 2012) , and has been well documented between the supply area of xylem and plant size (Mencuccini et al., 2011; Olson et al., 2014) . In a similar way, the cross-sectional area of phloem in the stem should scale with photosynthetic production and volume of sink tissue. Thicker secondary phloem, and thus thicker inner bark, should thus reflect the metabolic current and past needs of an increasingly larger plant in terms of photosynthate translocation and also storage. Given its very large fraction of living parenchyma, inner bark is thought to be key in the storage of water, sugars, starch, and other compounds (Srivastava, 1964) . The associations observed here between IBT and environmental variables support this important role. Although not very strong after taking SD into account, correlations were significant and in the expected direction. Inner bark tended to be thicker in areas with less rainfall, with dry season rainfall being more strongly associated with IBT than wet season rainfall (Table S2 ; Fig. 4c ). Also, inner bark was thicker in sites with higher mean temperature (Table S2 ; Fig. 4d ), which would also suggest a storage role in hotter environments with higher evapotranspiration. Water in inner bark could reach the xylem via phloem rays (Pfautsch et al., 2015) to restore the transpiration stream interrupted by daily and seasonal variations in water availability (Chapotin et al., 2006b; Nardini et al., 2011) . Such interruptions are more frequent in hotter, drier, and more seasonal environments. Water in inner bark could also contribute to support leaf and flower flushes, which have usually been regarded as fueled by water in wood (Borchert, 1994; Chapotin et al., 2006a) . Thicker inner bark would not translate into higher water storage if the water-storing capacity of bark varied widely. However, it has been shown that bark water storage is driven mainly by bark quantity (thickness) and not quality . In contrast with inner bark, association patterns with size and environment suggest a different functional profile for outer bark.
Outer bark thickness reflected protection
The patterns of association recovered here support a protection role for outer bark (Romero & Bolker, 2008) . OBT did not correlate with SD as closely as IBT did. It could be argued that this loose association could result from outer bark shedding or abrasion during the life of a plant. However, the markedly different proportions of outer bark in plants of similar size strongly suggest that OBT does not scale with plant size as IBT does. For example, for trees of SD c. 100 cm, OBT ranged from < 0.1 mm to almost 50 mm (see vertical dispersion on right side of Fig. 3c ), and while abrasion or other damage might account for a small amount of this variation, species-specific differences are marked and biologically real. Given this lack of strong proportionality with the rest of the stem, rather than metabolic reasons, other selective factors probably underlie OBT variation. One of these factors could be thermal insulation (P asztory & Ronyecz, 2013) , given that residual outer bark had a slight tendency to be thicker in more seasonal environments (Table S2) . However, fire return interval was a much more important factor explaining OBT variation (Table 3) . Congruently, investment in OBT in comparison with IBT was highest in the frequently burned savannas, and in (Fig. 5c ). These observations support previous claims that it is the thickness of its outer region and not TBT that is the main trait responding evolutionarily to fire (Graves et al., 2014) . This observation seems to be particularly true in large species, for which thick bark has been regarded as an adaptation permitting stem persistence through fire (Keeley et al., 2011; Charles-Dominique et al., 2015) .
Evolutionary responses to fire are strongly linked with plant size Dantas & Pausas, 2013) . Small plants tend to lose their stems and to reseed or resprout from underground organs after fires. By contrast, larger plants tend to have fire-resistant stems , with some exceptions; for example, obligate reseeders > 2 m in height can be found in some Mediterranean systems (Keeley et al., 2012) . Congruent with expectations, the effect of fire on bark thickness was stronger in species > 2 m. The correlation of OBT with fire regime was 0.38 for large species, whereas for smaller plants it was 0.17. Likewise, for larger plants fire was as important as SD for predicting OBT (Table 3) . Most studies examining the role of thickness in fire protection have focused on TBT (but see Graves et al., 2014) , a trait for which thresholds have been identified as indicators of stem survival after fire . If OBT is the trait more closely involved in fire protection, it will be crucial to examine the role that outer bark plays in these thresholds. In any case, small-statured species do not usually meet these critical firesurviving thresholds (Hoffmann & Solbrig, 2003) . As a result, selection seems to favor the loss of small stems to fire, so bark in these plants cannot be regarded as reflecting selection favoring fire resistance. TBT in small species should reflect the effects of selection on all functions other than protection from fire and could thus be a very useful system for understanding thickness in the context of functions other than fire resistance.
Inner and outer bark drove variation in total thickness
Congruent with the notion that OBT drives variation in TBT (Paine et al., 2010) , the coefficient of variation of OBT was larger than that of IBT. However, IBT also varied markedly and had a similar standard deviation to OBT, suggesting that both regions are important drivers of TBT variation. Interestingly, IBT and OBT covaried only to a limited degree with one another (inset in Fig. 6 ), especially considering residual thicknesses. This relatively modest covariation could be explained by the very different functional roles highlighted here for inner and outer bark, and also by developmental factors. Inner and outer bark production are regulated by different meristems, the vascular cambium and the phellogen, respectively (Roth, 1981;  Fig. 1 ), so inner and outer bark can potentially be produced at different rates. Differences in function and origin would predict that contrasting combinations of inner and outer bark amounts would be observable across species. This was exactly the case in my data set and is illustrated in the different amounts of inner (gray) and outer (black) bark in species of similar TBT in Fig. 6 . For example, a thick bark of 30 mm could be made up of mostly inner living tissue, as in Eucalyptus punctata, or of mostly outer dead cells, as in Allocasuarina torulosa (arrows in Fig. 6 ). These species with extreme bark proportions were growing side by side in the same temperate sclerophyll woodland, highlighting that not only total thickness but also bark construction varies markedly within sites.
Bark thickness varied markedly within plant communities and was evolutionarily labile
If TBT is correlated with SD, high within-site variation in raw thickness would be expected, given that plant size varies widely within communities (Westoby et al., 2002; Falster & Westoby, 2003) . However, within-site variation was also marked in residual TBT (Fig. 5b) and was mirrored by high variation across even closely related species (low and nonsignificant phylogenetic signal). Marked within-site variation has been documented for other plant traits (Gleason et al., 2012; Olson & Rosell, 2013) , and seems to reflect the coexistance of divergent ecological strategies (Marks & Lechowicz, 2006; Reich, 2014) .
Conclusions
TBT seems affected evolutionarily by plant size and the different functions of bark, such as photosynthate translocation and storage for inner bark, and fire protection for outer bark. Other functions not examined here, such as photosynthesis and protection from herbivory, probably also play a role in generating differences in IBT and OBT (Ferrenberg & Mitton, 2014; Rosell et al., 2015) . Given that TBT variation is associated with different functions carried out by inner and outer bark, it is hard to justify invoking a single function such as fire resistance to explain TBT variation at a global scale. Moreover, a single environmental factor as a global cause is impossible to entertain given the marked variation observed within any given community. Further examination of the patterns and causes of bark diversity, especially in fire-free systems, will be crucial to understand the range of bark ecological strategies. To this end, multifactorial approaches seem to be the most profitable way of understanding the ecological and evolutionary significance of bark, which represents an evolutionary response to pressures far beyond fire.
Supporting Information
Additional supporting information may be found in the online version of this article. 
New Phytologist Supporting Information
Article title: Bark thickness across the angiosperms: more than just fire Authors: Julieta A. Rosell Article acceptance date: 06 January 2016
The following Supporting Information is available for this article: 
